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Introduction
The brown shrimp (Crangon crangon) is one of the most common species in European coastal waters (Kuipers and Dapper, 1981; Pihl and Rosenberg, 1982; Neves et al., 2007) . In the southern part of the North Sea, mainly in Germany, the Netherlands and Denmark, it supports a lucrative regional fishery. Total commercial landings from the North Sea have increased consistently since the 1970s, with the highest recorded landings of 37 000 t in 2005 (Neudecker and Damm, 2006; ICES, 2009) .
Published total mortality estimates range from Z ¼ 2 (Henderson and Holmes, 1987; Henderson et al., 2006) to 22 (del Norte-Campos and Temming, 1998) . The difference in the estimates is mainly attributable to difficulties in age determination, which is nearly impossible in crustaceans given that hard parts are lost after ecdysis. Only the so-called "age pigment", lipofuscin, accumulates in the central nervous system and forms granules that can be counted with a fluorescence microscope (Sheehy et al., 1994) . Brown shrimps have not yet been examined for this pigment, but in other species it takes at least 2 years to accumulate sufficient pigment for the measurements to be accurate. Two years is about the maximum age for the brown shrimp (Oh et al., 1999) , which precludes the application of the method.
Beside difficulties in age determination, modal progression analysis is difficult for C. crangon mainly because of its extended recruitment period and size and seasonally dependent migration patterns (Hartsuyker, 1966; van der Baan, 1975) , sexual dimorphism (Meixner, 1969) and sex-dependent differences in migration patterns (Boddeke, 1976) . Mortality assessments therefore have to rely on length-based methods and use the quotient u of the estimates of total mortality Z and the von Bertalanffy growth parameter K (Sparre et al., 1989) . These methods are all based on similar assumptions: regular and continuous recruitment to the fishable stock, suitability of the von Bertalanffy growth model, a negative continuous exponential mortality decay model, representative length samples, and steady-state conditions, i.e. there are no time effects in the parameters. The accurate estimation of mean length and steady-state violation represents the most critical aspects, but seasonality can introduce a major bias too.
The first two authors of this manuscript used simulated data to show that assuming no seasonality when in reality it exists can lead to considerable bias in total mortality and asymptotic length estimates. However, reliable estimates (MH and AT, unpublished) of L 1 were obtained from the modified Wetherall et al. (W; Wetherall et al., 1987; Sparre et al., 1989) and Powell (1979; methods for a scenario similar to brown shrimp. The quotient u was estimated most accurately by applying the Ssentongo and Larkin (1973; SL) , Beverton and Holt (1956; BH) , or Jones and van Zalinge (1981; JZ) methods, or the non-seasonal length-converted catch curve (LCCC; Pauly, 1983) , but estimates were always negatively biased. From MH and AT (unpublished), bias-correction functions were derived and applied in the current analysis.
The aim of this work was (i) to investigate the accuracy of the length frequency methods based on field data for southern North Sea brown shrimp, (ii) to apply the results of the theoretical and field-based evaluation to improve the accuracy of mortality estimates, and (iii) to determine and analyse annual mortality rates of adult brown shrimps. Data were available for the period 1955-2006, covering the southern North Sea, the core distribution area of C. crangon allowing examination of long-term variations and trends in total mortality.
Material and methods

Data sources
Four dataseries from Germany and the Netherlands were used. The German Bycatch Series was initiated to monitor the bycatch in the commercial brown shrimp fishery, but data on the brown shrimp itself, i.e. length distributions in the catches, were also collected. The data span the periods 1955 -1996 (Büsum) and 1958 -1993 and were recorded weekly or monthly (Meyer-Waarden and Tiews, 1965) . Shrimp total length was recorded to the lower 5 mm. Information on water depth and haul duration were not recorded.
The German Demersal Young Fish Survey (DYFS) is a scientific survey performed by the former Bundesforschungsanstalt für Fischerei, Germany, every autumn since 1974 (Neudecker, 2001) . Until 1996, shrimps were only categorized in three size classes, but thereafter, length data at 1 mm resolution were collected. The survey covers mainly shallow waters (mean depth 5 -6.6 m), which are influenced by tides. A 3-m beam trawl with mesh size of 20 mm (stretched mesh), without a tickler chain, was used. Standard tows of 15 min were carried out with the prevailing tidal current at a towing speed of 2 -4 knots over the ground, with a mean distance covered of 0.75 nautical miles (Neudecker et al., 1998) . Owing to changing hydrographic conditions and sedimentation in the shallow areas of the North Sea, the DYFS has no fixed stations.
The Dutch Demersal Fish Survey (DFS) covers the coastal zone from the border between the Netherlands and Belgium up to Esbjerg (Denmark), including the Dutch Wadden Sea, EmsDollard Estuary, and Schelde Estuary (Wester-/Oosterschelde). The survey has been conducted each autumn since 1969. A 6-and a 3-m beam trawl with tickler chains and 20 mm mesh (in the codend) have been used (van Keeken et al., 2008) . The catches of the DFS are performed in deeper water (mean depth 8.4 -10.5 m) on a fixed station grid.
No correction was made for gear selectivity because only shrimps above the size of full selection (.45 mm total length) were used, corresponding to the peak in numbers at length as suggested by Sparre et al. (1989) . This length is defined as the cut-off length L c . As a result, mainly adult shrimps were included in the analysis.
Methods used to estimate u and L 1 Estimation of u ¼ Z/K and L 1 was performed according to the methods outlined briefly below. The selection of suitable methods was based on a simulation study (MH and AT, unpublished) . Artificial length frequency distributions with known mortality, asymptotic length, growth, and recruitment values for brown shrimp were created, and estimates for u and L 1 from a range of methods were compared with known input values. Only methods providing reliable estimates were retained for the study.
1. The classical BH method (Beverton and Holt, 1956) :
where L is taken to be the mean length of all fish .L c .
2. The JZ method estimates u JZ by linear regression (Jones and van Zalinge, 1981) :
In this equation, C(L, L 1 ) is the quantity of fish caught between L and L 1 .
3. The SL method is based on the logarithm of the mean length and length at first capture (Ssentongo and Larkin, 1973) :
where n is the total number of animals .L c, y
4. The P method includes the variance of the length distribution (Powell, 1979) and is also capable of estimating L 1 :
where L is the mean length of all animals above L c , and S 2 l is the variance in the length of all animals above L c .
5. The W method (Wetherall et al., 1987) , modified by Sparre et al. (1989) , is a regression method providing the estimation of mortality and asymptotic length based on the slope b and the intercept a:
6. The non-seasonal LCCC (Pauly, 1983) requires, in contrast to the other methods, an estimate of the growth constant K as initial input:
where C(L 1 , L 2 ) is the number of animals caught within length classes L 1 and L 2 .
The simulation study preceding this work (MH and AT, unpublished) also showed that all methods were not suitable for the whole range of values of u and that their bias depended on the level of u. Further, all the methods were susceptible to singular combinations of K, Z, L 1 , and seasonality, especially if only autumn samples, as in the DFS and DYFS, were available. For each year, values of L 1 and u were estimated from the annual or autumn length frequency distribution with each method. If the values of u or L 1 determined were inside the application range (minimum and maximum for u and L 1 ; Table 1), it was corrected (see Table 1 for slope and intercept values of linear correction functions), otherwise it was rejected. From the bias-corrected estimates, Z ¼ uK was determined. The von Bertalanffy growth parameter K was derived from the estimated values of L 1 , as described below.
Method used to estimate K Difficulties in determining the age of shrimps also imply difficulties in estimating shrimp growth, but L 1 can be estimated with reasonable accuracy using the W and P methods (W and P). Munro and Pauly (1983) and Pauly and Munro (1984) 
, and the growth constant K and the asymptotic length L 1 are correlated (Summerfelt and Hall, 1987) . Combinations of K and L 1 can be used to describe the growth of the same population from
The formulation Z ¼ uK can therefore either be calculated with a constant K for all years or based on a K derived from annual estimates of L 1 . To determine parameters a and b in Equation (10), size-at-age was calculated using a sinusoidal temperature function, representing seasonal temperature variations in the North Sea, and a temperature-and length-dependent growth model for brown shrimp. The growth model was parameterized using information from both the available literature and laboratory growth experiments (MH and AT, unpublished) . The values of growth K dependent on L 1 were estimated by fitting the seasonal von Bertalanffy growth model to the predicted size-at-age using a range of fixed values for L 1 (70, 75, . . ., 95 mm total length). The parameters of the seasonal von Bertalanffy growth function [see Equation (11) below] determining seasonality were kept constant: C ¼ 1 (maximum seasonal oscillation), t s ¼ 0.5, which means that growth during winter is zero but during summer is maximized. Negative growth or shrinking during winter as induced by C . 1 was neglected.
Further, L 1 and K values as determined by Tiews (1954) , Tiews and Schumacher (1982) , and Kuipers and Dapper (1984) were used.
Evaluating the effects of data-collection characteristics on estimates
The available datasets have different characteristics. Information about sampling depth is only available for the DFS and DYFS data. The two surveys are only performed in autumn, whereas the Bycatch Series spans the whole year. Additionally, the scientific data are grouped into 1 mm size classes for the DYS and DYFS material, but the grouping is 5 mm for Bycatch Series data. To quantify the bias that might arise for each dataset as a consequence of these characteristics, subdatasets were created and estimates were compared.
To study the effect of sampling region, several stations within one area were aggregated, and L 1 and Z were calculated for each region (see Figure 2a on next page). The data were aggregated into groups of 3 years, because not all stations were sampled in all years. To determine the effect of sampling season, the Büsum Bycatch data were used to derive mortality estimates for the whole year and for autumn only. The influence of sampling depth on estimates was tested by splitting the DYFS data into three subsets: ,5, 5 -10, and 10 -25 m. Mortality was then estimated for each depth stratum separately.
Evaluating estimation assumptions
All methods selected for estimating total mortality are based on an assumption of steady state, implying constant mortality, constant recruitment, and hence constant length frequency distributions over time. A sudden increase in fishing activity, a decrease in predation, or an unnaturally warm year or period can therefore influence the estimates of mortality (Somerton and Kobayashi, 1991) . Following Gedamke and Hoenig (2006) , the existence of such effects in each time-series was examined based on changing the mean length in the catch. A segmented regression was fitted to time as a function of mean length in the catch for six running years. The year in which there was a change was determined by a shift from a significant positive to a negative correlation. Moreover, the method suggested by Somerton and Kobayashi (1991) was applied, testing population equilibrium by comparing the length frequency distribution in 1 year with distributions from the previous 2 years, by a x 2 test. If a population is at equilibrium, the distributions should not be different.
To determine the bias of the mortality estimates induced either by the application of a static or by a variable K [Equation (10)], mortality rates were determined with both assumptions, and estimates were compared.
Relationships between mortality estimates and biotic and abiotic factors
Annual estimates of mortality obtained using all survey data with the JZ method were regressed against a range of explanatory variables. This method was selected because it was relatively insensitive to the changes in seasonal recruitment and to different combinations of K and Z (MH and AT, unpublished). As explanatory variables, the North Atlantic Oscillation Index (NAOI) for winter and for the whole year, bottom temperature, C. crangon landings (Netherlands, Germany, from ICES, 2009), C. crangon density (DFS: number haul 21 ) and whiting (Merlangius merlangus) density (DYFS; number 100 m
22
) estimates were examined. Currently, no long-term in situ time-series of nearseabed water temperature for the North Sea is available, and although there is good mixing in the Wadden Sea, for other areas some stratification is known. Therefore, bottom temperatures were taken from the Hamburg Shelf Ocean Model (Schrum and Backhaus, 1999 
Effects of data-collection characteristics on estimates
To test the influence of area, Z and L 1 were estimated for different regions. Total mortality estimates varied between 4 and 6 (Figure 1) , with no significant difference between regions (ANOVA, p . 0.01). L 1 estimates generally ranged between 73 and 89 mm, with no significant difference between all regions for the W (ANOVA, p . 0.05) or the P methods (P; ANOVA, p . 0.01). L 1 peaked at the most eastern point (Figure 2) , where estimates were between 78 and 89 mm.
To test the influence of season, L 1 estimates obtained using only autumn Büsum Bycatch data were compared with estimates for the whole year. Average differences for L 1 with the W method were 22% (4% s.d.) and 1% (6% s.d.) for the P method. Compared with annual estimates of u, autumn estimates were on average between 1% (16% s.d.) and 4% (17% s.d.) lower for the LCCC and SL methods, respectively.
To test the influence of depth, estimates were based on samples for three depth strata (,5, 5 -10, and 10 -25 m), with 138 708, 82 118, and 26 939 shrimps, respectively. Depending on the estimation method, mean differences between the estimated Z for the ,5-m depth stratum and the whole sample ranged from 28% (5% s.d.) for the JZ method to 210% (4% s.d.) for the BH method. Differences for the 5 -10-m stratum were similar, 28% (10% s.d.) for the JZ method to 211% (10% s.d.) for the SL method. For the 10 -25-m stratum, differences were higher and ranged from an average of 212% (19% s.d.) for the JZ method to 217% (17% s.d.) for the BH method. The impact of depth stratum on L 1 estimates was smaller than it was on mortality estimates, ranging from 2 to 4% on average.
Mortality estimates based on the DFS and the East Frisia Bycatch data were 11% (8% s.d.) and 12% (7% s.d.) higher if a variable K determined from Equation (10) instead of a constant K of 1.25 was used. Based on DYFS and Büsum Bycatch data, the average difference was 5% (8% s.d.) and 1% (9% s.d.), respectively.
Annual estimates of total mortality and asymptotic length
The results above suggest that the total mortality of C. crangon was not specific to sampling site. Therefore, we analysed pooled length frequency distributions of all sampling stations, but for each timeseries separately. All estimates of u and L 1 were corrected before averaging, using the correction functions listed in Table 1 .
Estimated values of L 1 varied only slightly over the period (Figure 3a) . A mean of 79.3 mm for the whole timeseries was determined with L 1 estimates below the mean for the period 1970-1990 (except DFS) and above it since 1995. The trend in estimated K was mainly opposite to that of L 1 , with an overall mean of 1.17 (Figure 3b ). The fraction of large shrimps decreased and 5-year averages declined from 29% before 1960 to 7% in the early 1990s (Figure 4) .
A steady increase in total mortality with time was observed for the Büsum Bycatch series (Figure 5a ). For the period 1955-1980, lowest mortality estimates were 4, and generally obtained with the LCCC method. Highest estimates were around 6, with peaks of 7.0 and 7.3 in 1973 and 1975 using the SL method. In the early 1990s, maximum total mortality estimates ranged from 8.5 (1995) to 9.1 (1993), but minimum values did not fall below 5 -7. Based on East Frisia Bycatch, highest mortalities were generally obtained with the SL method and lowest with the LCCC (Figure 5b ). Minimum mortality estimates were around 4 or 5 until 1983, then increased to 8.2 in 1990.
Estimated rates of mortality were lower for the DFS data for all methods than for the two Bycatch series, although the general pattern over the whole period was comparable (Figure 5c ). Annual mean mortality rates were calculated based on all surveys for each method separately (Figure 5d ), and total mortality increased from 1955 to 1996, independent of the method. Median total mortality estimates across years based on all surveys were similar for all the methods (5.35 LCCC, 5.64 JZ, 5.65 BH, and 5.74 SL).
Evaluating estimation assumptions
All estimation methods assume steady-state conditions. To investigate the extent to which this assumption was met, mean length of the catch was scrutinized. It increased until 1979 (Figure 6a ), concomitant with an increase in relative abundance of size classes ,60 mm (Figure 6b ). This impression was confirmed by the segmented regression, which revealed a significant increase between 1971 and 1979 and a significant decline in mean length for the period 1979-1984. The x 2 test showed that this change was slow, because the length frequency distributions for each year were not significantly different from the previous 2 years (p . 0.01).
Relationships between mortality estimates and biotic and abiotic factors
A positive correlation was found between total mortality (JZ) and the winter NAOI (NAO December-March; r 2 ¼ 0.356, p , 0.01). Similarly, total mortality (JZ) was positively correlated with bottom temperature in each subarea in the period March-June (r 2 ¼ 0.199-0.323, p , 0.01), as well as with the mean temperature for the same months (r 2 ¼ 0.300, p , 0.01). Further, temperature and the NAO index were positively correlated (r 2 ¼ 0.338, p , 0.01). No significant correlations were found between total mortality and cod (Gadus morhua), whiting, or C. crangon landings, or whiting abundance based on the DFS catches. Ehrhardt and Ault (1992) showed that the BH estimator was biased when the maximum age in the catch was less than the maximum age in the field. In our study, the maximum length in the catch decreased over time. However, this does not provide any information in terms of changes in maximum age in the field, so any resultant bias cannot be evaluated. Somerton and Kobayashi (1991) showed that the W method produces biased results in disequilibrium (non-steady-state) conditions, and similar results were observed for the BH estimator (Gedamke and Hoenig, 2006) . Regressions of running 5-year size classes revealed a possible disequilibrium in 1979, but this was not Estimating total mortality and asymptotic length of Crangon crangon confirmed by the x 2 test. This possible disequilibrium was more than 10 years before the estimated maximum mortality in the early 1990s and was not related to fishing effort adjustments, because these were constantly upwards. Additionally, a change in predator densities or abundance is unlikely because these peaked (gadoid outburst) at the same time and gadoids prey mainly on adult shrimps, which should lead to a decrease in mean length and not to the increase observed. However, the reasons for the peak in mean length are still unclear.
Discussion
Despite the previously mentioned biases that might be present as a consequence of seasonality and inter-cohort growth variability (non-steady-state conditions), correction functions for each (1955 -1996) and DYFS (1997 DYFS ( -2006 data; (b) East Frisia Bycatch (1955 Bycatch ( -1996 data; (c) DFS (1970 DFS ( -2006 method were derived that should minimize bias produced by the different methods, although it would still exist. Therefore, we estimated u with all four methods, and Z is presented as a range for each year.
When considering only autumn data or data from sampling positions without corresponding water depths, all methods most likely underestimated u. The reason for that is that a shift in the mean length in the catch towards L 1 implies a low mortality independent of the method applied. Mean length in autumn samples was higher than all-year samples because the abundance of adult (.50 mm) C. crangon peaks in autumn (Spaargaren, 2000; Siegel et al., 2005) , and new recruits occur mainly in early summer (Beukema, 1992) . Moreover, the density and the size structure of C. crangon depend on the water depth where the animals are caught (Janssen and Kuipers, 1980; Siegel et al., 2005) . Larger animals are found mainly in deeper water, and smaller shrimps on the tidal flats. Both conditions, autumn sampling and sampling in deeper water, would increase the mean length in the catch relative to considering all available data, so u would be underestimated.
The Büsum and East Frisia Bycatch samples were taken from commercial catches, and no depth information was available. If the water depth of the preferred fishing grounds varied between years, the estimated Z might be biased. This bias would at most be 213% (21% s.d.) for the 10 -25-m stratum using the SL method. Sampling depths in the German survey (DYFS) were lower than in the Dutch survey (DFS), so the mortality determined from the DFS data might have been underestimated more than that for the DYFS data.
Application of a static K compared with a variable K mainly altered the results of the East Frisia Bycatch and DFS (Netherlands) estimates. Indeed, it is likely that the growth constant K varied over the study period 1955-2006, which might have biased the estimates. According to our results, this bias might be 12% (7% s.d.) .
Brown shrimps have a wide geographic range, over which mortality is likely to be influenced by many factors that vary in space and time, including predator abundance (Zheng et al., 2002) , fishing effort (ICES, 2009), food availability and quality, and hydrographic conditions such as temperature, salinity, and pollution. However, no small-scale regional differences in mortality or L 1 were found in this study.
The median total mortality for all surveys and years determined here ranged from 5.35 to 5.74, L 1 was 79.3 mm, and the resulting K was 1.17. These values are within the range of previous findings. Temming et al. (1993) estimated total mortalities of 2.78-6.08 applying the W and the LCCC methods to Büsum Bycatch data (5-year means) from 1955 to 1988 (without a bias correction). According to Allen (1971) , the production to biomass ratio (P/B) equals the total mortality Z, under the assumption of a steady-state condition and negative exponential mortality. A P/B ratio of 7.7 -9.3 was calculated for the Dutch Wadden Sea in the late 1970s (Kuipers and Dapper, 1981) and around 9 for the Portuguese coasts (Viegas et al., 2007) . These values are all higher than our estimates, but estimating P/B ratios is generally complicated and as prone to bias as using length frequency distributions. The size-based migration of C. crangon (Janssen and Kuipers, 1980; Kuipers and Dapper, 1981; Beukema, 1992) makes sampling the whole stock complicated. Additionally, biomass estimation is based on accurate knowledge of catchability and vulnerability of the target species to the sampling gear. In our work, total mortality was estimated only for large animals because the value of L c was chosen to be 45 mm (full catchability of the net). It can be assumed that the mortality of smaller shrimps is greater, which is supported by estimated instantaneous mortality rates (based on 53 cohorts) of 22 year 21 for small shrimps in the German Wadden Sea (del Norte-Campos and Temming, 1998) . The reason for the greater mortality of juvenile than adult brown shrimps is the great number of potential predators which, it is assumed, consume 60-80% of juvenile C. crangon production (Evans, 1984) .
For C. crangon in the Bristol Channel, the mean mortality rate for all cohorts observed between 1981 and 2004 (except 1983) (Henderson and Holmes, 1987) . These estimates are based on the decline in abundance after the first recruitment peak of the year. Again, migration was not included in these values, because sampling in this case involved power-station entrainment catches and were therefore at a fixed station. Recruitment waves immigrating after the main recruitment wave in August could therefore increase the abundance and could have led to an underestimation of Z. Oh et al. (1999) determined a total annual mortality of 3.96 for brown shrimp in the Irish Sea for the period 1995-1998, comparable with our uncorrected estimates for the same period.
For berried females, an average Z of 3.9 (November-April) and 1.7 (May -August) was determined for the period 1985-1990 by Knijn and Boddeke (1991) . This is lower than our estimates, which include the same area over the same period. However, the Knijn and Boddeke (1991) estimates are based on the quantity of ripe and unripe eggs and also depend on migration and temperature.
Estimating total mortality based on length frequency methods requires accurate knowledge of K, because all methods only determine the ratio u ¼ Z/K. In this work, K was calculated based on L 1 , which over the whole period 1955-2006 was nearly constant. Despite the constant L 1 , the proportion of large shrimps in the catches declined continuously from 1955. This means that either the growth rate must have decreased or the mortality increased.
For the years before the 1990s, u increased (results not shown). If constant mortality is assumed and the observed decline in the fraction of large shrimps should solely be explained by a reduction in growth rate, a halving of K would be necessary. However, this would be unlikely, because the growth rate depends mainly on the temperature, which increased from the 1970s, with mild temperatures during the winters of 1989 -1994 (Becker and Pauly, 1996 .
The data analysis revealed strong year-on-year variations in mortality estimates. Some of the variations might be due to methodical errors, as discussed above, and indicated by the range of mortality values obtained for the same year using different methods and datasets. However, some parallel trends can be seen between overlapping surveys and different methods. Further, total mortality (JS method) was significantly positively correlated with bottom temperature (March -June) as well as with the winter NAO index. A poor recruitment year followed by a good one would bias the LFD and shift the mean length towards smaller size classes. In all the methods applied here, this would lead to an overestimation of Z. Both zooplankton and phytoplankton abundance have been reported to depend positively on previous years' NAO (Beaugrand et al., 2002; Piontkovsi et al., 2006) ; zooplankton is one of the major food sources of C. crangon (Plagmann, 1939) , so changes in food composition and abundance mediated by NAO variations might force mortality of C. crangon through the bottom-up control. Alternatively, the correlations found between NAO and mortality might be spurious as a result of a common factor, e.g. temperature, influenced by the NAO. Metabolic costs increase with temperature and also with size, so because food quantity and quality is low early in the year and energy reserves of the shrimps are depleted after winter, an increase in temperature might lead to greater mortality. Landings did not correlate with shrimp mortality. However, total available shrimp biomass would have to be taken into account to evaluate the impact of landings.
Another factor that influences the mortality of C. crangon is the abundance of potential predators, such as cod and whiting (Daan, 1973) . Again, no correlation between shrimp mortality and the landings of these predators was found, and none also with whiting abundance derived from the DYFS survey data. Even an abundance of whiting aged 1 year along the coast of Denmark in autumn 1999 (ICES, 2007) did not increase the estimated mortality of C. crangon compared with the years [2004] [2005] [2006] , where nearly no whiting were caught close to the German or Danish coasts. Of course, neither cod nor whiting feed solely on solely on C. crangon, so the link between predator abundance and prey mortality will depend also on the availability of other prey. Henderson and Holmes (1987) assumed that the mortality of C. crangon was density-dependent. We could not substantiate this notion because no correlation between C. crangon total mortality and landings or abundance was observed. On the other hand, the possibility cannot be excluded because our density estimates were based on swept-area estimates that depend on gear selectivity and furthermore include only autumn catches of animals .45 mm.
Besides year-on-year variability, there was an increasing longterm trend in total mortality, with peaks between 1990 and 1993 and a slight decline thereafter. A reason for the high values might be the temperature anomaly that led to mild winters between 1989 and 1994 (Becker and Pauly, 1996) , or perhaps a salinity anomaly (Heath et al., 1991) . Salinity might influence mortality directly by raising metabolic needs (Hagerman, 1970) , but indirect factors influencing mortality, such as changes in the inflow of different water masses, sometimes characterized by higher salinity, are more likely.
In the North Sea in the 1990s, there was a regime shift of several planktonic animals (Beaugrand, 2003) , which might have changed the feeding conditions for C. crangon and the fish community. Litzow et al. (2006) compared fish species compositions in boreal oceans and observed that lipid-rich (pelagic) species are favoured after a temperature decrease and lipid-poor (demersal) species benefit after a temperature increase. Most of the latter species are shrimp predators. An increase in benthivorous fish in the North Sea has been described by Heath (2005) , who reported maximum abundances of turbot (Psetta maxima), sole (Solea solea), and grey gurnard (Eutrigla gurnardus) between 1985 and 1992. In 1990, a strong year class of whiting was observed in the Dutch Groundfish survey (Knijn and Boddeke, 1991) , and it was assumed to have had a lasting effect on the shrimp stock and the fisheries in subsequent years (Berghahn, 1996) . About 10% of the food of plaice (Pleuronectes platessa) is made up of C. crangon (Basimi and Grove, 1985) , and in stomachs of turbot and dab (Limanda limanda), Braber and de Groot (1973) recorded 30 and 20% C. crangon, respectively. An increase in the biomass of several benthivorous species might therefore have led to an increase in C. crangon mortality.
The high rate of total mortality determined here during the early 1990s is therefore most probably based on three factors: changes in the food composition, changes in the abundance of potential predators, and perhaps habitat changes.
